Noise-induced hearing loss (NIHL) is one of the most important occupational health hazards. Millions of people worldwide are exposed daily to harmful levels of noise. NIHL is a complex disease resulting from an interaction between genetic and environmental factors. Although the environmental risk factors have been studied extensively, little is known about the genetic factors. Heat-shock proteins (HSPs) are induced after exposure to severe noise. When first induced by exposure to moderate sound levels, they can protect the ear from damage from excessive noise exposure. This protection is highly variable between individuals. An association of HSP70 genes with NIHL has been described by Yang et al (2006) in a Chinese sample set of noise-exposed workers. In this study, three polymorphisms (rs1043618, rs1061581 and rs2227956) in HSP70-1, HSP70-2 and HSP70-hom, respectively, were genotyped in 206 Swedish and 238 Polish DNA samples of noise-exposed subjects and analyzed. One SNP, rs2227956 in HSP70-hom, resulted in a significant association with NIHL in both sample sets. In addition, rs1043618 and rs1061581 were significant in the Swedish sample set. Analysis of the haplotypes composed of the three SNPs revealed significant associations between NIHL and haplotype GAC in both sample sets and with haplotype CGT in the Swedish sample set. In conclusion, this study replicated the association of HSP70 genes with NIHL in a second and third independent noise-exposed sample set, hereby adding to the evidence that HSP70 genes may be NIHL susceptibility genes.
Introduction
Noise is one of the most widespread sources of environmental stress in living environments. 1 Regular exposure to continuous noise or exposure to a single acoustic overstimulation can lead to noise-induced hearing loss (NIHL). Nowadays, millions of people worldwide are exposed daily to harmful levels of noise, rendering NIHL one of the most important occupational hazards. 2 NIHL is a complex form of hearing loss; environmental and genetic factors interact and define a person's sensitivity to noise. Obviously, noise is the most important environmental factor involved in NIHL. It causes both mechanical and metabolic damage to the ear. 3 In addition, chemicals such as organic solvents and individual factors such as smoking, high blood pressure and cholesterol levels influence the development of NIHL. 4 -8 Animal studies have confirmed the assumption that genetic factors influence the susceptibility to NIHL. 9 Knockout mice, such as Pmca2À/À, 10 Cdh23 þ /À,
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Sod1À/À 12 and Gpx1À/À, 13 are more susceptible to noise than their wild-type littermates. Mouse strains with agerelated hearing impairment and spontaneously hypertensive rats are more sensitive to noise than other mouse strains and normotensive rats, respectively. 14 -17 In humans, association studies have identified KCNE1,
18

GSTM1
19 and CAT 20 as putative NIHL susceptibility genes.
However, hitherto a specific causative variant was either not yet identified (CAT) 20 or has not yet been replicated in an independent population (KCNE1 and GSTM1).
18,21
Heat-shock proteins (HSPs) are a group of conserved proteins expressed ubiquitously in cells under both physiological and pathological circumstances. Under physiological conditions, HSPs function as molecular chaperones and assist in synthesis, folding, assembly and intracellular transport of many proteins. Expression of HSPs is increased under stressful conditions such as heat and other stress stimuli, including ischemia, viral infection, toxic compounds and many other. 22 The HSP70 family (70 kD HSP) is probably the most predominant among all HSP proteins. HSP70s perform housekeeping and quality control functions in the cell. 23 The human HSP70 family is composed of three genes: HSP70-1 (HSPA1A; OMIM:140550), HSP70-2 (HSPA1B; OMIM:603012) and HSP70-hom (HSPA1L; OMIM:140559).
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HSP70-1 and HSP70-2 genes encode an identical protein product of 641 amino acids. HSP70-1 is constitutively expressed at low levels. The expression of both HSP70-1 and HSP70-2 is heat inducible. HSP70-hom encodes a more basic protein of 641 amino acids that is highly related to HSP70-1, which is not heat inducible. 24 HSPs are induced in the cochlea after acoustic overstimulation. 25, 26 When first induced by moderate noise levels, HSPs have been shown to protect the cochlea from subsequent damage after severe noise exposure, although a noticeable individual variability exists. 27 -29 In addition, geranylgeranylacetone, an HSP inducer, protects against noise trauma in the guinea pig cochlea. 30 Moreover, mice lacking heat-shock factor 1, the major transcription factor that regulates stress-inducible HSP expression, exhibit a significantly decreased recovery of a temporary threshold shift following noise overstimulation. 31 Finally, a significant association was found between NIHL and two haplotypes composed of three polymorphisms located in the three HSP70 genes (rs1043618, rs1061581 and rs2227956) in a Chinese population of automobile workers. 32 In this study, we investigated whether we could replicate the associations that were observed between haplotypes of the HSP70 genes and NIHL 32 in a Swedish and Polish sample set.
Materials and methods
Subjects
Swedish sample set A detailed description of the Swedish sample set can be found elsewhere. 21, 33 In brief, 1261 male noise exposed workers from the mid-western part of Sweden were collected. 34 This was helpful because the majority of the Swedish subjects (79%) had been exposed to noise for 20 -30 years or more. In addition, the ISO 1999 norm shows that individuals who have been exposed to noise (Z90 dBA) for 20 years or more have a higher HTL at 3 kHz than at 4 and 6 kHz in the 0.1 fractile. Blood samples were taken from a total of 218 subjects. Samples that had previously been removed after another genotyping effort (unpublished results), because they were indicated as genetic outliers by the programs CHECKHET (http:// www.smd.qmul.ac.uk/statgen/dcurtis/software.html) and GRR, 35 were also omitted from this study. A total of 206 samples, consisting of 98 noise susceptible and 108 noiseresistant subjects, were used for further analysis.
Polish sample set Information concerning the audiometric status, noise exposure and exposure to chemicals was gathered from 3860 Polish workers from different industries, including a coal mine, an electric power station, a dockyard, a glass bottle factory and a lacquer and paint factory. An inclusion criterion for this study was an exposure to noise of at least 3 years. Subjects with a history of middle ear disease, conductive hearing loss or skull trauma and subjects with a family history of hearing loss were excluded. Unlike for the selection in the Swedish population, HTLs at 4 and 6 kHz, the two frequencies that are most easily affected by NIHL, were evaluated. In former genetic studies on these noise-exposed workers, resistant and sensitive subjects were selected using a Z-score based on the ISO 1999 (ISO 1999 -International Organization for Standardization, 1990) 36 leading to a selection of 347 sensitive and 338 resistant subjects. 20 Age and noise exposure level in this initial selection were not equally distributed between resistant and sensitive workers. This resulted in significant effects of the interaction between age and noise exposure level and their quadratic effects. These differences and interactions in age and noise exposure between resistant and sensitive workers were corrected for in the statistical analysis. Although this approach is valid, it led to a complex statistical model of which the results were difficult to interpret. That is why we opted to perform a stricter and matched selection of resistant and sensitive subjects for this study to facilitate the statistical analysis and the interpretation of the results. Firstly, additional exclusion criteria were applied. Only male subjects were included. Subjects with a history of extended treatment with aminoglycosides were excluded. The duration of exposure to noise had to exceed [(age * 0.666) -20 years] and finally, no subjects were included that had been exposed to noise in a previous workplace longer than 15 years. The remaining group of 3390 Polish workers was divided into nine categories according to the duration of the exposure (three levels: below 15, 15 -25 and above 25 years of exposure) and the intensity of the noise exposure (three levels: r85 dBA, 86 -91 dBA and Z92dBA, all leq, 8 h, 5 days a week). Subsequently, the mean left ear HTL at 4 and 6 kHz was calculated for each subject. Within each of the nine categories, the 20% most resistant and the 20% most sensitive persons were selected. At this level, additional exclusion criteria were applied to the sensitive subjects only. These could not have a history of meningitis, aminoglysoside treatment or acoustic trauma. In addition, an asymmetry between the right and left ear of more than or equaling 40 dB was an exclusion factor. Finally, they should not have been exposed to noise in a previous workplace for more than 5 years. For genetic analysis, we were limited to the subjects of whom DNA was collected, being the subjects who had been selected as resistant or sensitive subjects using the previous selection procedure based on the ISO 1999. Subsequently, for each resistant subject, a matched sensitive subject for factory and age ( þ /À10 years) was selected. This selection procedure resulted in 119 pairs of samples, 119 resistant subjects and 119 sensitive subjects.
Genotyping
Genomic DNA was extracted from blood samples using standard procedures. The three SNPs, rs1043618 in HSP70-1 (SNP1), rs1061581 in HSP70-2 (SNP2) and rs2227956 in HSP70-hom (SNP3), were genotyped using ABI TaqMan 
Statistical analysis
Hardy -Weinberg equilibrium was checked for the three SNPs using a w 2 -test for goodness-of-fit (HWE version 1.2). 37 Haploview was used to investigate the LD pattern between the SNPs (http://www.broad.mit.edu/mpg/haploview/). Association tests were performed using conditional stepwise backward logistic regression in the Polish matched sample set and regular stepwise backward logistic regression in the Swedish sample set. In both methods, the affection status (resistant and sensitive) was regressed on the genotypes and the interaction of the genotype with noise exposure level, correcting for age and noise exposure level. We assumed an additive genetic model where counts 
Results
In this study, three SNPs located in three genes of the HSP70 family, rs1043618 in HSP70-1, rs1061581 in HSP70-2 and rs2227956 in HSP70-hom, were genotyped in 206 Swedish and 238 Polish noise-exposed workers. All three SNPs were in HWE and were in high LD with each other in both populations (Figure 1 ). Table 2 contains genotype frequencies and the P-values resulting after statistical analysis of the single SNPs in the Polish and Swedish sample sets. None of the analyzed SNPs showed a significant interaction between genotype and exposure level. For the Swedish sample set, single SNP analysis of all three SNPs resulted in a significant P-value, P ¼ 0.037, P ¼ 0.033 and P ¼ 0.010, respectively. For SNP 1, genotype GG was more frequent in resistant samples (45.4%) compared to sensitive samples (31.6%), whereas genotype CC and CG were more frequent in the sensitive subjects (OR ¼ 0.61; 95% CI ¼ 0.39 -0.97). For SNP 2, genotype AA appeared more often in resistant samples (40.7%) compared to sensitive samples (24.5%), whereas the sensitive subjects were more likely to be heterozygous or GG homozygous (OR ¼ 1.63; 95% CI ¼ 1.04 -2.55). For SNP 3, five of the resistant samples were CC homozygotes (4.6%), whereas this genotype was not found among the sensitive subjects. Genotype TT appeared more often among the sensitive than among the resistant subjects 
Single SNP analysis
Haplotype analysis
Haplotypes were inferred based on observed genotypes by SAS Genomics using the haplotype procedure. Five different haplotypes were identified (Table 3 ; CGT, GAC, GAT, GGC and GGT). Haplotype GGC was absent in the Swedish samples. In the latter sample set, two haplotypes, CGT and GAC, were found to be associated with NIHL (P ¼ 0.049 and P ¼ 0.017, respectively). Carriers of haplotype GAC had an almost twofold decreased odds of developing NIHL after noise exposure (OR ¼ 0.53; 95% CI ¼ 0.32 -0.89) compared to all other haplotypes, whereas carriers of haplotype CGT had a 1.5 times increased odds (OR ¼ 1.53; 95% CI ¼ 1.00 -2.35). In the Polish sample set, the haplotype GAC was also significantly associated with NIHL, P ¼ 0.030. Again, a twofold decreased odds was observed (OR ¼ 0.54; 95% CI ¼ 0.31 -0.94). Analysis of haplotype GAT in the Polish sample set resulted in a significant interaction P-value of P ¼ 0.050, indicating that a significant difference in haplotype distribution was observed between sensitive and resistant persons for the different noise exposure levels. In other words, a differential effect of the haplotype on the noise sensitivity according to the noise exposure level may exist. In this case, odds ratios were calculated for three different noise exposure levels (81, 87 and 95 dB, which were the mean exposure levels of each noise exposure stratum). The odds ratios indicated an increased odds of haplotype GAT in the low noise exposure level group (OR ¼ 1.27; 95% CI ¼ 0.99 -1.63), whereas an opposite effect, a decreased odds, was seen in the high noise exposure level group (OR ¼ 0.71; 95% CI ¼ 0.45 -1.11); although, these effects did not reach significance.
Discussion
In this study, three SNPs located in three genes of the HSP70 family were analyzed in a Swedish and Polish sample set. These polymorphisms had previously been investigated in a Chinese population of noise-exposed automobile workers 32 where significant associations with NIHL had been found. This renders HSP70 the second gene whose association with NIHL has been replicated in independent populations, besides CAT. 20 Replication in independent sample sets is crucial to confirm susceptibility genes for complex diseases. Our results indicate that HSP70 genes may be valid NIHL susceptibility genes as significant associations were observed in three independent populations.
Yang et al 32 did not detect significant associations with NIHL using single SNP analysis, but found only significant associations between two haplotypes, GGC and GGT, and NIHL. In this study, significant results were obtained after single SNP analysis. All three SNPs were significantly associated with NIHL in the Swedish sample set, whereas SNP 3 resulted in significant P-values in the Polish sample set. Also after haplotype analysis, differences were observed when compared to the Chinese study. In our study, haplotype CGT was significant in the Swedish sample set and haplotype GAC in the Swedish and Polish sample sets, whereas the haplotypes that were associated with NIHL in the Chinese population (GGC and GGT) were infrequent or absent in the Swedish and Polish population. These Between the two European sample sets, we observed some striking similarities as well. SNP3 was significant in both sample sets with an increased odds for NIHL of the T-allele in both sample sets. In addition, haplotype GAC showed a protective effect in both sample sets, with a twofold decreased odds of developing NIHL.
Several tests were performed in this association study. As a consequence, one could argue that a multiple testing correction should be applied. However, no consensus exists on how to perform such correction, especially when the studied SNPs are in LD with each other, whereas replication of findings in several independent sample sets is nowadays believed to be more important than obtaining highly significant P-values. 38 Therefore, this study based its conclusion rather on evidence of replication than on the size of the P-values. SNP 1 of the HSP70-1 gene is positioned in the 5 0 untranslated region, whereas SNP 2 is a synonymous coding SNP of HSP70-2. SNP 3 of HSP70-hom is a nonsynonymous variation; methionine is substituted for a threonine. Recently, a significant association between the C-allele of SNP 3 and increased levels of serum HSP70 has been observed. 39 This interesting finding is consistent with the results of our study, as we observed a protective effect for the C-allele in both populations. Moreover, only two haplotypes, GGC and GAC, contain the C-allele of SNP 3.
Haplotype GGC was not observed in the Swedish sample set and was very infrequent in the Polish samples. Haplotype GAC resulted in an almost twofold decreased odds to develop NIHL in both the Swedish and Polish sample set. Increased serum levels of HSP70 may have a protective effect on hearing under noise exposure. Increased levels of HSP70 because of the C-allele of SNP 3 may also occur in the inner ear, which may protect against hair cell damage following noise exposure. The effect of this SNP on the expression or function of HSP70 may be further investigated by generating a mouse model carrying this C-allele and testing its noise resistance. When such studies would confirm the protective effect of the C-allele, this SNP would be the first identified variant with a protective effect on the development of NIHL. However, the analyzed SNPs were in high LD with each other and with SNPs in neighboring regions in which several genes were located. We have to keep in mind that these untyped SNPs may be responsible for the association with NIHL. No functional studies were performed to exclude this possibility as this was outside the scope of this study. Such studies should be performed in the future together with additional genetic studies. NIHL is not the first condition that was associated with the HSP70 gene family. Previously, associations have been reported with autoimmune diseases, 40 -43 Parkinson's disease, 44 abacavir hypersensitivity, 45 and postoperative atrial fibrillation. 39, 51 This indicates that HSP70 genes act in many stress-related diseases.
In conclusion, we analyzed three SNPs located in three genes of the HSP70 family in a Swedish and Polish sample set. Significant results of the single SNP and haplotype analyses were obtained in both sample sets. These results replicate previous findings reported in a study on Chinese noise-exposed workers 32 and indicate that HSP70 genes may be valid NIHL susceptibility genes.
